Abstract: The Escherichia coli single stranded DNA binding protein (SSB) is crucial for DNA replication, recombination and repair. Within each process, it has two seemingly disparate roles: it stabilizes single-stranded DNA (ssDNA) intermediates generated during DNA processing and, forms complexes with a group of proteins known as the SSB-interactome. Key to both roles is the C-terminal, one-third of the protein, in particular the intrinsically disordered linker (IDL). Previously, they have shown using a series of linker deletion mutants that the IDL links both ssDNA and target protein binding by mediating interactions with the oligosaccharide/oligonucleotide binding fold in the target. In this study, they examine the role of the linker region in SSB function in a variety of DNA metabolic processes in vitro. Using the same linker mutants, the results show that in addition to association reactions (either DNA or protein), the IDL is critical for the release of SSB from DNA. This release can be under conditions of ssDNA competition or active displacement by a DNA helicase or recombinase. Consistent with their previous work these results indicate that SSB linker mutants are defective for SSB-SSB interactions, and when the IDL is removed a terminal SSB-DNA complex results. Formation of this complex inhibits downstream processing of DNA by helicases such as RecG or PriA as well as recombination, mediated by RecA. A model, based on the evidence herein, is presented to explain how the IDL acts in SSB function.
Introduction
The Escherichia coli single stranded DNA binding protein (SSB) plays a central role in DNA metabolism. [1] [2] [3] It binds to single stranded DNA (ssDNA) non-specifically and with high affinity, destabilizing DNA secondary structure and hence stabilizing ssDNA intermediates produced during DNA processing. 4 SSB also interacts with an array of at least fourteen proteins that has been termed the SSB-interactome. 5, 6 These two seemingly disparate roles are intimately linked via a previously under-appreciated region of the protein known as the intrinsically disordered linker or IDL. 7 SSB exists as a homo-tetramer consisting of four, 18, 843 Dalton monomers. 8 Each subunit is composed of two domains: an N-terminal domain of approximately 116 residues that consists of an oligonucleotide/oligosaccharide binding fold (OB fold) and a C-terminal domain composed of the last 62 residues that extends outward from the core [ Fig.  1 (A)]. 9 SSB employs its OB fold to bind to ssDNA via interactions with the phosphodiester backbone and base stacking with nucleotide bases.
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The C-terminal domain of SSB has not been modeled successfully due to its highly disordered structure, even when it is bound to ssDNA. 11, 14, 15 It consists of a linker region of approximately 54 amino acids that has been termed the intrinsically disordered linker (IDL) and a highly conserved, C-terminal acidic tip that is formed by the last 8-10 residues. The acidic tip is thought to play a major role in interacting with SSB-interactome partners as peptides comprising this sequence bind to interactome partners with high affinity and a mutant lacking the last eight residues cannot mediate binding. 6, [16] [17] [18] [19] [20] [21] [22] In contrast, the IDL is the least conserved region among prokaryotic SSB proteins. 3, 4 Initially, it was proposed to be non-essential, as a mutant SSB with residues 116-167 deleted was able to complement an ssb deletion. 9 Very little work has focused on this region until recently. Lohman's group reported that the IDL is involved in cooperative ssDNA binding by SSB in its (SSB) 35 mode, which is established at low salt concentrations and high protein-to-DNA ratios. 23 They showed using a series of linker deletion mutants that removal of the C-terminal tip or, shortening of the linker region, reduces cooperative binding. Further, they demonstrated that removal of the entire linker region or replacing it with that from Plasmodium falciparum SSB, eliminated cooperative ssDNA binding completely. 23 Recently, and using a series of IDL deletion and hybrid mutants, we found that the IDL is critical in mediating protein-protein interactions. 7 A model was proposed whereby the linker(s) of an SSB tetramer bind to the OB-folds present in either a neighboring SSB or a member of the interactome. When binding to another SSB occurs, this results in rapid and cooperative ssDNA binding, producing a stable complex that can resist displacement by a variety of enzymes that might otherwise damage the exposed portion of the genome. When the IDL binds to a protein such as RecG, the helicase is loaded onto the DNA, leading to the rescue of stalled replication forks. 21, 24, 25 A key component to the IDL-OB-fold interactions was the identification of PXXP motifs in the C-terminal half of the linker. 7 This is significant as these motifs bind Src homology (SH3) domains in eukaryotic cells. These domains are approximately 50 residue modules that often occur in signaling and cytoskeletal proteins in eukaryotes. [26] [27] [28] [29] They have a characteristic fold consisting of five to six betastrands arranged as two tightly packed anti-parallel beta sheets. Furthermore, and germane to this work, SH3 domains are very similar in structure to the OB-fold, which is found in SSB and in each interactome partner for which a structure exists 30 (P. Bianco, unpublished) . We proposed that the PXXP-OB fold interaction involving SSB is analogous to the SH3-PXXP binding that occurs in eukaryotic systems and have taken advantage of in RecG loading. 31, 32 If the IDL-OB-fold model is correct, and if SSB tetramers are linked to one another on a single stranded DNA molecule, then it is likely that changes in the IDL would impact several DNA metabolic processes in which SSB is involved. To test this, we examined the activities of various enzymes in the presence of WtSSB and the linker deletion mutants used previously. 7 Results show that an SSB without a linker fails to stimulate the repair helicases RecG and PriA and actually inhibited their ssDNA-dependent ATPase activity. Furthermore, SSB mutants with short or no linkers inhibited RecA-dependent DNA strand exchange. Finally, single molecule experiments using a hairpin substrate and magnetic tweezers show that the elimination of the IDL produces an SSB that is a greater obstacle to displacement by RecG. Collectively, these results suggest that in addition to the already assigned roles in association with DNA and proteins, the linker is necessary to facilitate dissociation of SSB from ssDNA. This finding is consistent with our model that protein-protein interactions, mediated by the IDL of an SSB monomer within one tetramer and the OB-fold of an adjacent partner protein are essential to SSB function.
Results

Site size of SSB linker mutants
To understand the role of the IDL in SSB function, a series of linker deletions were constructed and are shown schematically in Figure 1 (B). These were Figure 1 . Organization of the SSB proteins used in this study. (A) Wild type SSB protein is shown in schematic form divided into the N-terminal core (green) and C-terminal tail regions by proteolytic cleavage. The tail can be further sub-divided into the IDL and acidic tip, labeled as linker (blue) and tip (red), respectively. The conservation scores for each region were calculated from alignments using Praline.
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(B) Sequence alignment of wild type and linker domain mutants. The colored boxes behind the sequence correspond to the domain organization in panel A. The alignment was done using Praline.
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studied previously using an in vivo binding assay. 7 The results showed that the IDL was critical to target protein binding. A separate study from the Lohman group using a similar set of linker deletion mutants showed that changes in the IDL produced defects in cooperative binding to ssDNA. 23 To further understand how changes in the IDL affect ssDNA binding, we purified several SSB proteins (wild type and linker deletions) as N-terminally histidine-tagged versions. Tagging was necessary to minimize the level of incorporation of wild type subunits which are known to form heterotetramers with mutant SSB proteins when expressed in the same cell. 33 Following purification to near homogeneity, we evaluated the ability of each protein to bind DNA by monitoring the fluorescence quenching of the intrinsic fluorescence of SSB that occurs upon binding to ssDNA. 34 For the studies described below, poly d (T) with an average length 359 nt was used as the DNA cofactor.
The results show that wild type untagged SSB bound to poly d(T) with a site size of 9.2 6 0.5 nt/ monomer [ Fig. 2(A) , Table I ]. Under identical conditions, his-wtSSB bound to the ssDNA cofactor with a site size of 9.4 6 0.3 nt/monomer. These values correspond to 36 nt/tetramer, consistent with previous reports for the wild type protein. 34 Therefore, the addition of a histidine tag does not alter binding of the protein to ssDNA, consistent with prior work. 33 Next, the binding of each linker mutant was evaluated. For SSB 155 , SSB 145 , and SSB 125 , a small but detectable decrease in site size by an average of 1 nt was observed [ Table I , Fig. 2 Fig.  2(C) ]. This is an estimation at best, as a clear plateau in the titration could not be reached. Surprisingly, when the monovalent cation concentration was increased from 10 to 200 mM, the site size for SSB 133 decreased 2.4-fold to 5.6 6 0.3 nt/ monomer. The altered site size suggests that this mutant linker is somehow interfering with binding to DNA. This behavior is the opposite of wild type SSB which occludes 35 nt/tetramer at low salt and 65 nt/tetramer at higher salt concentrations. 34 For SSB 133 the values are 54 nt/tetramer at 10 mM NaCl and 22 nt/tetramer at 200 mM NaCl.
SSB linker region affords protection from trypsin cleavage
Previous studies with chymotrypsin and trypsin have demonstrated that SSB is susceptible to cleavage, predominantly after arginine 115. 35 These studies showed that the core of SSB is stable and the Cterminal linker is mobile (labile). To determine whether the changes in the linker by altering its length have affected protein stability, we used protease cleavage with a limiting amount of trypsin. Reactions were done as described in Materials and Methods with aliquots removed at various time points and subjected to gel electrophoresis. The resulting gels show that, under the conditions used, his-wtSSB was cleaved at a rate of 1.4%/ Figure 2 . The histidine tag does not alter the intrinsic site size. (A) The site size of wild type is unaffected by the presence of a histidine tag. (B) Removal of the C-terminal eight residues decreases the site size, whereas elimination of the linker does not. (C) The site size of hisSSB133 is inversely related to the monovalent cation concentration. Experiments were done as described in the Materials and Methods. Following a 4 min thermal equilibration of 1 lM protein, aliquots of poly d(T), that is, 1 lM increments, were added. Subsequent additions only occurred once the fluorescence signal had stabilized. Thereafter, the signal at each DNA concentration was expressed as a fraction of the initial fluorescence of SSB. Table II .
conditions, with only 30% of the protein being cleaved during the 2 hr assay (Table II) . This suggests that for this mutant, the linker is sequestered into a configuration that is inaccessible to trypsin. This is consistent with the aberrant migration in SDS-PAGE gels where the apparent molecular weight is 16k Da and predicted molecular weight is 18k Da [ Fig. 3(D) ]. 7 To determine whether ssDNA binding affords protection from tryptic digestion, cleavage assays were done using stoichiometric ratios of each SSB bound to M13 ssDNA. The results show that, hisSSB, hisSSB 155 and hisSSB 145 were more resistant to cleavage by trypsin in the presence of DNA ( Figs. 3 and 4 ; and data not shown for hisSSB 145 ). This is evident in the increase in half-life of each protein resulting in a several fold decrease in the amount of protein cleaved (Table II) . Once the length of the linker was decreased further, intriguing behavior was seen. For hisSSB 125 Table II ). Further, when the ratios of the extents of cleavage in the absence and presence of ssDNA are analyzed, this ratio decreases in linear fashion from 4 for full length linker (53 residues) to 0 for SSB 125 (0 residues; Supporting Information Fig. S1 ).
Alterations in the IDL affect fork rescue helicases differently
Previous work has shown that SSB binds to PriA and separately, to RecG both in vivo and in vitro. 6, 18, 21 In addition, SSB loads RecG onto model fork substrates. 24 Bulk phase analysis revealed that while wild type SSB stabilizes RecG on DNA, SSBDC8 destabilizes the DNA helicase. 21 To determine whether the linker mutants stabilize these helicases, we evaluated the effect of SSB linker mutants on the ATPase activity of RecG on M13 ssDNA and PriA on /x174 ssDNA (Fig. 5) .
The results show that in the presence of wtSSB, the rate of ATP hydrolysis by RecG decreased 1.4-fold, down from 28 to 19.6 lM/min [ Fig. 5(A) ]. Addition of the histidine tag to SSB reduced the rate to 16.8 lM/min, but this is within experimental The half-life disappearance of SSB due to trypsin cleavage was determined by approximating the time course data with a single exponential (Fig. 4) . b Extent of reaction was calculated form the plateau value in the fit in (a). c Extent ratio is defined as (extent 1ssDNA)/(extent 2ssDNA). In contrast to RecG, the ATPase activity of PriA on /x174 ssDNA is stimulated 5-fold by SSB, from 1.1 to 5.5 lM/min [ Fig. 5(B) ]. The level of stimulation for hisSSB (4.4 lM/min) was comparable to wtSSB. On the other hand, the linker mutants only stimulated the ATPase activity two-to three-fold compared with wild type. The level of stimulation was affected in almost linear fashion by the length of the IDL. That is, as linker length decreased, the level of stimulation of the ATPase activity of PriA, decreased accordingly. When the acidic tip is removed, as in hisSSBDC8 which does not interact appreciably with PriA, no stimulation was observed. Finally, gp32 protein inhibits PriA 2-fold.
Previous work has shown that SSB stabilizes RecG on ssDNA producing a two-to five-fold increase in the salt titration midpoint. 21, 37 To determine whether changes in the IDL affect the ability of SSB to stabilize RecG on ssDNA, the effects of mutants on the salt titration midpoint (STMP) of RecG, and separately of PriA, were assessed. The results show that wt and hisSSB increased the STMP approximately three-fold (Table III) . When the mutants were studied, they separated into two groups: hisSSB 155 and hisSSB 145 increased the STMP and the level of stimulation was comparable to that of weight. Once 48-53 residues were deleted as in the hisSSB 133 and hisSSB 125 proteins, only a two-fold enhancement in the STMP was observed. The last eight residues at the C-terminus of SSB are required for the stabilization of RecG on ssDNA, as previously reported. 21 As expected, the presence of hisSSBDC8 eliminated the enhancement in the STMP. In contrast to RecG, alterations in the linker had little to no effect on the increase in the STMP for PriA (Table III) . However, the STMP in the presence of hisSSBDC8 decreased 2.4-fold compared with wild type SSB, down from 168 to 71 mM. T4 gene 32 protein which does not bind to PriA, had no effect on the STMP of the helicase. Thus, changes the IDL affect each helicase differently.
RecBCD unwinding is unaffected by SSB linker length
In contrast to RecG and PriA which both bind to SSB, RecBCD is a DNA helicase that utilizes SSB to bind to unwound strands of the duplex produced in the wake of the advancing enzyme. 38, 39 While no physical interaction between this helicase and SSB is known, SSB does control the nuclease activity of RecBCD. 40 To determine whether the linker region of SSB plays a role in binding of ssDNA generated by RecBCD, we used a fluorescence-based assay to monitor linear dsDNA unwinding by RecBCD. 38 Here, the intrinsic fluorescence of SSB, which is quenched upon binding to ssDNA, reflects DNA unwinding. First, we compared the effects of wild type and his-wtSSB on DNA helicase activity. Results show that the observed unwinding rate is within experimental error, the same as wild type consistent with previous work (Table IV and Ref. 32 ). Then, we assayed hisSSBDC8 and T4 gene 32 protein, the results show that helicase activity was unaffected. Finally, we assayed each of the linker mutants separately. The results show that RecBCD unwinds dsDNA in the presence of hisSSB 133 at a 12% higher rate than in the presence of wild type. In contrast, for the remaining mutants, an 18%-29% decrease in unwinding rate was observed. Collectively, the results show that, changes in the length of the IDL have minimal effects on the helicase activity of RecBCD, and these are not consistent.
Elimination of the IDL inhibits DNA strand exchange by RecA
The DNA strand exchange reaction consists of three stages: presynapsis, synapsis, and branch migration (Supporting Information Fig. S2 and Ref. 40 ). During presynapsis, RecA protein binds to ssDNA and ATP to form a nucleoprotein filament. Residual DNA secondary structure is removed by SSB which is then displaced by additional RecA polymerization, facilitating complete filament formation. 42 Even though they may co-exist on the same ssDNA, SSB and RecA do not interact. 43 During synapsis, the RecA nucleoprotein filament binds to duplex DNA and initiates the homology search. Once homology is found, strands are exchanged and branch migration ensues, with SSB binding to the displaced single strand of DNA. 44 As SSB has key roles in this reaction, we wanted to ascertain the effects of alterations in the IDL on each stage of the reaction. Reactions were done as described in the Materials and Methods and the effects on substrate disappearance, intermediate formation and loss and, product formation were assessed.
In the presence of wtSSB, RecA catalyzes an efficient DNA strand exchange reaction. During synapsis, 80% of the dsDNA substrate is rapidly taken up into presynaptic filaments at a rate of 4%/min [ Fig. 6(A) ]. Accordingly, the dsDNA substrate is converted to joint molecule intermediates at a rate of 4.88% 6 0.1%/min, reaching a maximum at 10 min following reaction initiation [ Fig. 6 (B)]. Thereafter, the level of intermediates declines to 3.4% 6 1.1%, as joint molecules are converted to nicked circle product. This phase of the reaction is biphasic and occurs at a rate of 0.95%/min in the first phase, followed by a slower second phase (0.24%/min). The disappearance of intermediates is coupled to the corresponding appearance of product which forms at a rate of 1.55%/min, reaching a maximum level of 70% at 80 min [ Fig. 6(C) ].
When the reaction in the presence of his-SSBDC8 was examined, the half-life of substrate disappearance decreased 1.6-fold, from 5.87 6 0.6 to 3.63 (Table  V) . No effect on intermediate formation was observed, whereas the rates of intermediate disappearance were 1.6-fold more rapid (both phases faster), but the extent was reduced three-fold. Product formation was slightly more rapid (1.5-fold faster) and the yield of product was comparable to wild type, even though this reaction was only done for 60 min as opposed to 120 min (all other proteins).
Reactions with the linker mutants can be divided into three groups. In the first group, hisSSB 155 and hisSSB 145 had only modest effects on each stage of the reaction (Fig. 6 , Table V ). For these proteins intermediates formed as rapidly as wild type and for the rates of intermediate disappearance were similar. However, the extent of intermediate disappearance was reduced three-to five-fold compared with wild type and was accompanied by a 10% reduction in the amount of nicked circle product formed.
Group two contains the next longest IDL mutant, hisSSB 133 and which enables near wild type levels of the rates of substrate disappearance and intermediate and product formation. However, the extent of intermediate disappearance is reduced 10-fold, occurring at a two-fold reduced rate in phase I and four-fold slower rate in phase II (Table V) . This is accompanied by a 1.6-fold reduction in the amount of product formed [ Fig. 6(C) ]. Thus, SSB 135 is defective at the branch migration stage of the reaction where joint 155 . Assays were carried out as described in Materials and methods and were initiated by the addition of using 5 0 -end labeled dsDNA. At various time points, aliquots were removed and subjected to electrophoresis in 1% agarose gels. Following electrophoresis, gels were dried and exposed to PhosphorImager screens. Analysis of gels was performed using ImageQuant software.
molecule intermediates are converted to product. This correlate with less than 20% of the intermediates being converted to product, whereas wild type converts more than 95%. Finally, when the linker is eliminated as in the hisSSB 125 protein (group three), each stage of the reaction is dramatically affected. First, the rate of substrate disappearance during synapsis decreases 8.5-fold and only 60% is converted to joint molecules versus 80% for wtSSB. Accordingly, rate of intermediate formation is reduced 12-fold [Table V, Fig.  6(B) ]. Furthermore, while intermediates form and are converted to product in easily discernible phases when each of the other SSB proteins are present, for SSB 125 intermediates only accumulate. Regardless, some of these intermediates do get converted to nicked circle product, but their appearance is delayed 20-30 min, form at a five-fold reduced rate and reach a maximum extent of 30%.
Collectively, the results show that changes in the IDL affect stages of DNA strand exchange where dissociation of SSB from the DNA is required. Small, but noticeable defects are observed for 155 and 145 mutants, a larger defect for 133 and once the linker is eliminated, the defects are severe.
SSB 125 has difficulty releasing from DNA Previously, we used a single molecule approach to understand the biochemical mechanism of fork regression by the RecG helicase. 45 In this study, we
showed that RecG was able to catalyze regression while working against more than 35pN of opposing force and that it could use this power to easily displace SSB from the arms of forks. Recently, we proposed that the IDLs of one tetramer of SSB bind to the OB-folds present in the adjacent tetramer forming a stable protein-DNA complex. 7 It is conceivable that in addition to facilitating the forward reaction of SSB the IDL may also facilitate the reverse, that is, the release from ssDNA. A defect in release may explain the inhibition of RecA and of the helicases, RecG and PriA.
To test this, we used the same magnetic tweezers approach employed before and shown schematically in Figure 7(A,B) . The DNA substrate is a 480 bp hairpin that is tethered to a glass coverslip surface using DIG/a-DIG chemistry on one end, and to a magnetic bead on the opposite end using avidin/ biotin technology (Supporting Information Fig. S3 ). This base hairpin was mechanically unzipped by capturing the bead in a magnetic trap (the tweezers). Next, a 30 base oligonucleotide complementary to one arm was introduced and allowed to bind [Supporting Information Fig. S3(A), step 2] . 46 Once the force is decreased, the hairpin reforms to reveal a fork with a gap in the nascent leading strand (step 3). Thereafter, SSB is added coating the remaining ssDNA regions of the fork. When RecG and ATP are injected, the helicase binds to the fork and during the process of regression, it displaces both the annealed oligonucleotide and the bound SSB protein [ Fig. 7(B) ]. By maintaining the DNA fork at 4pN of applied force we observed an increase in the molecular extension once we injected SSB protein [ Fig. 7(A) ; time 200-340 s]. This length increase is a signature for SSB binding since ssDNA elongates when is coated by SSB at low forces. 46 Once RecG 1 SSB and ATP were injected, regression, concomitant with oligo and SSB displacement is detected as a decrease in the DNA molecular extension until the hairpin is completely reformed [ Fig. 7(A) , blue shaded region, The half-life for disappearance of dsDNA substrate was calculated by using approximating the data in Figure 5 (A) by a single exponential decay. c The rates were calculated by fitting a straight line to the linear portion of time courses in Figure 5 (B,C Figure 5 (B). e Reactions with hisSSBDC8 were carried out for 1 h.
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. In these experiments, there is a delay lasting a few seconds between the time RecG is injected and regression initiates [ Fig. 7(B) ]. If an SSB were defective in the release from ssDNA, this would result in a longer delay before DNA molecule extension ensues.
To test this, we examined the effects of wild type, his-SSBDC8, his-SSB 155 , and his-SSB 125 on the delay time prior to regression initiation. Each protein was studied separately and by recording many events in parallel, it was possible to measure the distribution in delay times and determined that it follows an exponential behavior (Fig. 7) . Most importantly, the results show that the delay time for wild type, SSBDC8 and SSB 155 were found to be within error, the same [2.3 6 0.6; 3.1 6 0.9; and 3.2 6 0.7 s, Figure S2 . Once assembled, excess oligonucleotide is washed out, the substrate is held in place in the tweezers using a low force of 4pN, and at t 5 200 s, SSB is introduced. Binding causes DNA extension to increase from 0.1 to 0.14 lm (t 5 300 s). The length remains constant and at t 5 592 s, RecG/SSB is injected. Following a brief delay, extension rapidly decreases to 0.02 lm as RecG unwinds the oligonucleotide, displaces bound SSB and reanneals the hairpin duplex in its wake (blue shaded region). (B). Close inspection of the blue shaded region from panel A. In this assay, RecG/SSB was injected and is followed by a 3-s delay prior to the onset of the reaction, which is shown in the inset. The rate of the reaction is determined by linear regression as indicated by the red dashed line. (C-F) Analysis of reactions done in the presence of wild type, SSBDC8, SSB 155 or SSB 125 . The delay time (T) is shown for each protein as well as the resulting reaction rate (v). Rates of reaction were calculated in Supporting Information Figure S3. respectively; Fig. 7(A-C) Fig. 7(D) ]. Thus this mutant inhibits the onset of the RecG reannealing activity. However, once the helicase enters the extension phase of the reannealing reaction there is no effect of the C-terminal domain of SSB, as the reaction rates are identical [red values, Fig. 7(C-F) , Supporting Information Fig. S4 ].
The association of SSB 125 with ssDNA is impaired One possible explanation for the inhibition of RecG induced by SSB 125 could be that this mutant has an enhanced affinity for ssDNA. To determine whether changes in the linker alter affinity for DNA, a fluorescence-based competition assay was employed. 47 This assay was selected as it can provide insight into both the association and dissociation phases of the DNA binding reaction. Here, SSB is bound to a fluorescent oligomer of d(T), resulting in a change in the fluorescence signal. Binding is done in the presence of 1M NaCl so that SSB can transfer between DNA types when challenged. When a large excess of unlabeled competitor ssDNA is added, SSB transfers from the fluorescent oligo d(T) 65 to the competitor poly d(T) 359 , resulting in restoration of the fluorescent signal. 47 First, it was necessary to determine whether each SSB linker mutant could bind to oligo d(T) 65 in the presence of 1M NaCl. Here unmodified oligo d(T) 65 was used and the intrinsic fluorescence of SSB monitored. Results show that each protein bound, with the exception of SSB 125 , where the DF upon the addition of DNA was only 14-28 units, in different experiments and this was 10-fold lower than wtSSB (data not shown). Consequently, the concentration of NaCl was lowered, in 100 mM increments in separate experiments, until binding by SSB 125 could be observed. At 600 mM NaCl, this mutant bound to oligo d(T) 65 . At 700 mM NaCl, binding still occurred, but it was significantly reduced (data not shown).
Next, and to compare proteins, experiments were done at 600 mM NaCl. Each SSB was bound to oligo d(T) 65 labeled with ATTO488 at the 5 0 -end. Similar to what was seen with Cy3/5 labeled cofactors, 47 the fluorescence of ATTO488 is quenched upon binding to protein [ Fig. 8(A) ]. When a large excess of unlabeled competitor poly d(T) is added, each SSB transferred from the ATTO488 labeled oligo to the competitor, resulting in recovery of the fluorescence signal [ Fig. 8(A) ]. At this concentration of NaCl, transfer occurs slowly and can be approximated by a single exponential. This occurs because each protein retains measurable affinity for the 65mer at this concentration of salt, but still transfers as affinity for poly d(T) is greater. There are some notable differences between the proteins. The forward reactions occur with similar half-lives and with the exception of SSB 125 , the DF values are comparable, ranging from 225 to 285 fluorescence units. For this mutant, the DF for both the forward and reverse reactions is reduced two-fold compared with other proteins [ Fig. 8(A) , Supporting Information Table SI] . Second, for the reverse reaction where transfer occurs, the half-life for wtSSB is eightfold longer than that of the other proteins, suggesting that the histidine tag affects this component of SSB function. This is consistent with the two-fold reduction in the STMP when each of the subunits of the tetramer is histidine tagged. 33 Further, the half-life for the SSB 133 and SSB 125 proteins is marginally shorter than SSB 145 , SSB 155 and his-SSB. When the amount of each SSB transferred to competitor at 600 mM NaCl was analyzed, this value averaged 65% and was independent of IDL length [ Fig. 8(B) ]. When reactions were done at 700 mM NaCl, the difference between SSB 125 and the remaining SSB proteins was magnified [ Fig. 8(B-D) ]. At this concentration of salt, binding was reduced 20-fold and transfer was virtually non-existent with less than 4% transferring. In contrast, SSB, SSBDC8 and SSB 155 bound to the ATTO488 oligonucleotide and 50%-80% transferred to the competitor DNA.
Discussion
The primary conclusion of this article is that the intrinsically disordered linker is critical to the release of SSB from ssDNA. This region of the protein is critical to protein-protein interactions mediated by the PXXP motifs in the IDL of one SSB tetramer and the OB-fold in another. 7 These interactions are critical to DNA binding, which is rapid and highly cooperative and results in an IDL/OB-fold network of interactions. When this network of interactions is disrupted, each SSB tetramer binds to DNA as an independent entity. Consequently, each tetramer will release from the DNA also as a separate entity. The data herein do not point to protein-protein interactions between SSB and another protein being required for dissociation since both RecA (does not bind SSB) and RecG (does bind) were inhibited. Instead, it is SSB-SSB communication via the IDL/OB-fold network that is key. Previous work has demonstrated that when the IDL is removed, cooperative binding to ssDNA is eliminated. 23 We have shown that removal and or mutation of the IDL impairs target protein binding. 7 We
proposed that the common element is the binding of the IDL in SSB to the OB-fold of a target protein. Further, this interaction involves the PXXP motif in the linker binding to the OB-fold in a manner similar to that observed for the Src homology 3 domains binding to these motifs in eukaryotic systems. 48, 49 When an SSB tetramer is bound to ssDNA, binding to a second tetramer in solution could facilitate loading, resulting in the immediate juxtaposition of two tetramers, with the process being repeated until the DNA is fully
Tan et al. Fig. 9(A) ]. This forms an extensive network of IDL/OB-fold interactions through which SSB tetramers communicate to form a stable complex that requires 2M NaCl for displacement. 7 However, once the DNA template is bound and protected, SSB must be displaced so that subsequent reactions can occur. Again, the role of the IDL/OBold network of interactions is critical. When the linker is absent, binding to DNA still occurs as the OB-fold remains intact. This idea is supported by measurements of occluded site size and stability in gradients, which are similar to wild type (Fig. 2 , Table I and Ref. 23 ). However, and distinct from wild type, binding to DNA by these mutant proteins results in a "terminal complex" that fails to dissociate appropriately. This follows because each tetramer binds to DNA independently forming discrete complexes and which are not linked via the IDL/OBfold network. This results in inhibition of RecG and PriA translocation on ssDNA and, inhibition of RecA in DNA strand exchange. The terminal complex does not imply that the association of the SSB mutant with ssDNA is so strong that it cannot be reversed as shown by the competition assays (Fig. 8) . Instead, it refers to a complex that is terminal with respect to downstream proteins, that is, RecA or RecG as explained below.
covered [
We have shown that SSB binds to RecG both in vivo and in vitro. 6, 21 This interaction is important for stalled replication fork rescue where SSB loads RecG onto the DNA and in the process, remodels the wedge domain enabling disengagement of the helicase from the fork coupled to thermal diffusion on the parental duplex. 24 We proposed a model for this that involves interactions between the SSB IDL and the OB-fold present in the wedge domain of RecG. 31 In this model, IDL and fork arm binding are mutually exclusive since the binding sites have significant overlap. As a result, that binding of the SSB IDL to RecG prevents fork-wedge association, dictating that the loaded helicase slides on the duplex DNA average, 36 bp, using thermal diffusion. Once RecG returns to the fork, it displaces SSB protein quite readily. 46 This occurs because (i) the helicase can work against opposing forces as high as 35pN, generating sufficient force to displace many tightly bound proteins and (ii), because of the IDL/OB-fold network, displacement of the first SSB propagates changes to the remaining DNA-bound tetramers enabling their facile displacement, likely in cooperative fashion. When this network of interactions is unavailable, as in SSB 125 which has no linker, displacement takes 10 times longer as shown in the single molecule experiments (Fig. 7) . This occurs because when RecG approaches the first SSB tetramer, it advances and applies force to dislodge that protein from the DNA. This process has to be repeated multiple times as each tetramer is encountered and because these tetramers are no longer are able to communicate via the OB-fold/IDL network. This results in an extended lag time (10-fold longer) prior to the onset of fork regression. It is likely that interactions with the RecG via the IDL/wedge are not involved in SSB displacement, since DNA and IDL binding likely to be competitive. Additional evidence against an IDL-target protein interaction being involved in dissociation comes from the analysis of DNA strand exchange. As RecA and SSB interact functionally but not physically, the displacement of SSB is likely DNA mediated. 42, 43, 50 This occurs during all stages of this complex reaction. During presynapsis, RecA binds to the ssDNA template forming nucleoprotein filaments. However, it fails to completely coat this DNA due to residual secondary structure. The addition of SSB results in removal of this impediment, but for complete filament formation to occur, additional binding of RecA leading to the displacement of SSB must take place. This is accompanied by ATP hydrolysis by RecA resulting in redistribution leading to formation of complete nucleoprotein filaments. When a functional IDL is present in SSB, displacement by RecA readily occurs and efficient strand exchange reaction ensues. However, when it is deleted as in SSB 125 , the bound tetramers cannot be displaced and inhibit the reaction at the synapsis phase where incomplete filaments are attempting to bind dsDNA and locate homologous targets. As ATP hydrolysis occurs throughout strand exchange and RecA filaments are dynamic, this means that ssDNA regions will become exposed during the course of the reaction providing additional targets for SSB to bind. As this is likely to occur during branch migration when heterologous sites are encountered, and if continued polymerization by RecA cannot displace the SSB, additional inhibition will be observed when intermediates are being converted into products.
Reactions done in the presence of SSB 125 are severely inhibited at this stage (Fig. 6) . We note that significant inhibition of RecG and PriA is also observed in ATPase assays the presence of SSBDC8 (Fig. 5) . We attribute this to two separate but linked effects resulting from defects in the conformation of the IDL. First, the IDL conformation is altered in SSBDC8 so it cannot bind to these helicases. 6 Second, once SSBDC8 binds to DNA, tetramers bind as separate entities so it cannot establish a fully competent IDL/OB-fold network as cooperative binding to ssDNA is impaired [ Fig.  9(B) ]. 23 This situation is comparable to SSB 125 , but the defect is not quite as severe, since RecG displaces this protein quite readily (Fig. 7) . This defect in the IDL conformation comes about because the acidic tip plays a critical regulatory role in protein function likely by regulating the IDL conformation as suggested previously. 51 When it is present, the pI of the last 69 residues of SSB is 4.04. In contrast in its absence as in the SSBDC8 mutant, the pI of the C-terminal 61 residues is 9.35. Thus we propose that the acidic tip controls the association of the intrinsically disordered linker with OB-folds, both within SSB tetramers and with target proteins. For SSBDC8, the acidic tip is absent and as a result, linkers adopt a configuration that is incompatible with OB-fold binding. Consequently, and even though this protein can still bind to ssDNA, co-operativity is diminished, some IDL/OB-fold interactions occur but binding to target proteins is eliminated. For SSB 125 the linker is absent, but the acidic tip is retained. These tetramers cannot interact with other proteins but still retain the ability to bind ssDNA as the N-terminal domains containing the OB-folds are unaffected.
When it is absent, this results in an inability to associate with proteins of the interactome and a failure to bind ssDNA cooperatively since SSB-SSB interactions leading to cooperative binding are negatively impacted. 23 The conformation of the linker domain is critical to SSB function. This conformation is maintained by the acidic tip and is formed by a combination the proposed polyproline II helix and the multiple repetitive elements within the IDL containing G, Q and P residues. 7 When this conformation is perturbed, there are dramatic changes in the overall structure of the protein as indicated by the tryptic digests in the presence and absence of DNA (Figs. 3 and 4) . This was most evident in SSB 133 which behaved in a manner opposite to that of full length SSB, becoming more sensitive to cleavage in the presence of ssDNA. In addition, the site size for this protein was affected by the monovalent cation concentration, but again, this was the opposite of wild type SSB (Fig.  2) . Therefore, it is likely that changes in the amino acid composition of the length by mutation or deletion, as well as single residue changes in the last eight residues of SSB contribute to the interplay between the IDL and acidic tip, as suggested by preliminary data (LW and PB, unpublished). Consequently, the results in this and our recent work bring into question the role of the acidic tip of SSB in protein function. 7 In each linker mutant, the acidic tip has been retained but yet activities involving SSB-SSB or SSB-partner protein interactions are severely impaired. If the acidic tip was responsible for mediating protein-protein interactions as has been widely thought, then each SSB mutant should retain full levels of binding and in addition, cooperative binding to ssDNA should be unaffected. This is not what is observed. Instead, and consistent with a previous report, our results suggest that the acidic tip has a regulatory function and may not be directly involved in protein binding. [51] [52] [53] In conclusion, we provide the first evidence for the mechanism of release of SSB from ssDNA. Intrinsic to these interactions is the presence of a fully functional intrinsically disordered linker. When the IDL is perturbed all activities of SSB are affected. This follows because binding of the IDL of one SSB tetramer to the OB-fold in another protein is critical for efficient SSB function. When the other protein is SSB both the association with and dissociation from ssDNA are controlled via the IDL/OB-fold network of interactions. This is observed as loss of cooperative ssDNA binding and impaired ability to release from DNA. When the other protein is a member of the interactome such as RecG or PriA, loading of that protein onto the DNA cannot occur. Both the inherent flexibility imparted by the repetitive elements in the IDL as well as the specificity imparted by the PXXP motifs are essential.
Flexibility is needed to facilitate cooperative ssDNA binding and dissociation, as well as providing the ability of an SSB tetramer to bind to target proteins of various sizes and likely, in different structural configurations, that is, bound to ssDNA, in solution or within multi-subunit complexes. The specificity provided by the PXXP motifs in the donor linker and the OB-folds in the target protein, enables SSB to control the function of all proteins of the SSB interactome, including itself, in spatial and temporal fashion.
Materials and Methods
Chemicals and reagents
All chemicals were reagent grade and were made up in Nanopure water and passed through 0.2 mm pore size filters. Isopropyl b-D-1-thiogalactopyranoside (IPTG), sodium chloride (NaCl), calcium chloride (CaCl 2 ) and sodium phosphate dibasic (Na 2 HPO 4 ) were from Fisher Scientific (NJ, USA). Coomassie Brilliant Blue R-250, Tris-base, potassium chloride (KCl), sodium dodecyl sulfate (SDS), and acetic acid were from Amresco (OH, USA). Ethylenediaminetetraacetic acid (EDTA), potassium acetate, magnesium chloride (MgCl 2 ), glycerol, potassium phosphate monobasic (KH 2 PO 4 ), sodium phosphate monobasic (NaH 2 PO 4 ), and nickel sulfate (NiSO 4 (H 2 O) 6 Trypsin-ultra (Mass Spectrometry Grade), Ux174 Virion DNA, Ux174 RFI DNA and restriction enzymes were purchased from New England BioLab (MA, USA). Primers and HPLC purified 5 0 ATTO488(dT) 65 were purchased from Integrated DNA Technologies (IA, USA). Phosphoenol pyruvate (PEP), Polymin P, nicotinamide adenine dinucleotide (NADH), pyruvate kinase (PK), deoxyribonucleic acid2cellulose singlestranded from calf thymus DNA (ssDNA cellulose resin), and lactate dehydrogenase (LDH) were from Sigma Aldrich (MO, USA). Protenaise K was purchased from Roche (IN, USA). About 18% Criterion TGX Precast gel and Bio-Gel HTP Hydroxyapatite were from Bio-Rad Laboratories, Inc. (CA, USA). Hydrochloric acid (HCl) was from Macron Chemical (PA, USA). Potassium phosphate dibasic (K 2 HPO 4 ) was from BDH Chemicals (PA, USA). Ammonium sulfate was purchased from MP Biomedicals, LLC (OH, USA). ATP Gamma P32 was from Perkin Elmer (MA, USA).
DNA cofactors. M13 mp18 single stranded DNA (ssDNA) was prepared as described. 37 The concentration of DNA was determined spectrophotometrically using an extinction coefficient of 8780 M 21 cm
21
(nucleotides). Purified DNA was stored in small aliquots at 2808C. Covalently closed circular DNA (pPB248) used in RecBCD unwinding assay was purified from pPB248 using procedures as described previously. 37, 54 The method utilized alkaline lysis followed by two successive isopycnic centrifugations in CsCl gradients. The concentration of double stranded DNA (dsDNA) was determined spectrophotometrically using an extinction coefficient of 6500 M 21 cm
(nucleotides). Poly(dT) (average length 359 nt) was purchased from Amersham Biosciences, dissolved in 13 TE and stored in small aliquots at 2808C. The concentration was determined spectrophotometrically using an extinction coefficient of 8520 M 21 cm
(nucleotides).
Proteins
RecG protein was purified as described previously, 21, 37 with the following modifications: the first column was a 100 mL Q-Sepharose column equilibrated in Buffer A (20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM DTT, 10 mM NaCl). The protein was eluted using a linear gradient (10-1000 mM NaCl) with RecG eluting between 270 and 370 mM NaCl. The pooled fractions were subjected to ssDNA cellulose column equilibrated in Buffer C (20 mM Tris HCl, pH 7.5, 1 mM EDTA, 1 mM DTT) and eluted with a 100-1000 mM NaCl gradient. Next column used was hydroxylapatite chromatography equilibrated with 10 mM KPO 4 , pH 6.8, 1 mM DTT, and 150 mM KCl. RecG was eluted off the hydroxylapatite column with a linear gradient of 10-600 mM KPO 4 . Pooled fractions from the hydroxylapatite column were dialyzed overnight into S Buffer (10 mM KPO 4 (pH 6.8), 1 mM DTT, 1 mM EDTA, and 100 mM KCl). The protein was applied to a 1 mL MonoS column and eluted using a linear KCl gradient (100-1000 mM) with RecG eluting at 500 mM KCl. The fractions containing RecG were pooled and dialyzed overnight against storage buffer (20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM DTT, 100 mM NaCl, and 50% (v/v) glycerol). The protein concentration was determined spectrophotometrically using an extinction coefficient of 49,500 M 21 cm 21 .
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The his-PriA protein was purified by ammonium sulfate precipitation followed by affinity chromatography using HisTrap FF crude column, SP Sepharose column (Equilibrated with 20 mM potassium phosphate, pH 7.6, 150 mM KCl, 0.1 mM EDTA, and 1 mM DTT; Eluted with a linear 150-500 mM KCl gradient) and Heparin column (Equilibrated with 20 mM Tris-OAc, pH 7.5, 0.1 mM EDTA, 1 mM DTT, 10% (v/v) Glycerol, and 100 mM KCl; Eluted with a linear KCl gradient of 100-600 mM). Fractions containing PriA were pooled and dialyzed overnight against storage buffer (20 mM Tris-HCl (pH 7.5), 1 mM DTT, 400 mM KCl, and 50% (v/v) glycerol). The PriA concentration was determined using extinction coefficient of 104,850 M 21 cm 21 .
Wild type SSB protein was purified from strain K12DH1Dtrp as described. 56 Histidine tagged SSBDC8 was purified as described previously. 33 The concentration of the purified protein was determined at 280 nm using e RecA was purified from E. coli strain GE1171. 57 The procedure used to purify RecA is based on the procedures of Weinstock et al. 58 and Griffith and Shores 59 with the modification of using DEAE and HAP instead of phosphocellulose chromatography. The procedure involves a selective extraction from Polymin P followed by DEAE chromatography (equilibrated with 20 mM NaPO 4 , pH 6.8, 1 mM DTT, 10% glycerol, and 200 mM NaCl) using salt step elution (0.5M and 2M), HAP column (equilibrated with 20 mM NaPO 4 , pH 6.8, 1 mM DTT, and 10% glycerol), eluting using linear phosphate gradient (20-300 mM phosphate), spermidine acetate precipitation of RecA, followed by MonoQ chromatography using salt elution (100-1000 mM NaCl; linear gradient). The concentration of purified RecA was determined at 280 nm using e 5 27,000 M 21 cm 21 .
RecBCD holoenzyme. Growth of cells, induction of expression of genes and protein purification was
done as described previously. 39 The concentration of purified enzyme was determined at 280 nm using e 5 40,000 M 21 cm 21 . The amount of active RecBCD enzyme (100%) was determined using a fluorescence based helicase assay as described. 38 Site size determination of SSB. The binding of SSB to poly d(T) was determined by monitoring the quenching of the intrinsic fluorescence of SSB that occurs on binding to ssDNA, as described. 34 Here, reactions were done at 258C in a 500 lL volume. Reactions contained 10 mM Tris-HCl (pH 8.0), 1 mM DTT and 10 mM NaCl, and 1 lM SSB, in monomer. In these assays, SSB was titrated with increasing amounts of poly d(T) 359 until the maximum amount of intrinsic fluorescence was quenched.
Trypsin cleavage assay
In all experiments, the standard SSB: ATP hydrolysis assay. The hydrolysis of ATP was monitored using a coupled spectrophotometric assay carried at 378C as described previously. 21, 37 The standard reaction buffer contained 20 mM Tris-OAc (pH 7.5), 1 mM DTT, 0.3 mM NADH, 7.5 mM PEP, 20 U/mL PK, 20 U/mL LDH, 100 nM RecG or 10 nM PriA, 1 mM ATP, and 10 mM MgOAc. In assays with RecG, 125 nM of SSB tetramer and 10 lM of M13 ssDNA were present. Assays with PriA contained 200 nM of SSB tetramer, 10 lM of Ux174 ssDNA for ATPase activity assay and 100 lM of Ux174 ssDNA for salt titration. Assays were performed in a reaction volume of 150 lL, and were initiated by the addition of RecG or separately PriA, following a 2 min pre-incubation at 378C of all other components. The rate of ATP hydrolysis was calculated by multiplying the slope of a tangent drawn to linear portions of time courses by 159. In a typical reaction, close to 200 data points were used to draw a linear fit to the data to calculate reaction rates. To obtain kinetic parameters, data were analyzed using non-linear curve fitting in Prism v 5.04 (GraphPad Software, Inc.). 60 In salt-titration experiments, the same reaction buffers were used (see above). Once a steady-state rate of ATP hydrolysis was achieved, NaCl was added in increments. This was repeated until all ATP hydrolysis ceased. The resulting hydrolysis rate in each steady-state region was calculated and expressed as a percent of the steady-state rate in the absence of NaCl. The total volume used to calculate final concentration of NaCl was adjusted after each addition in order to correct for the additions themselves. A line of best fit was drawn for data points between each addition to obtain the ATP hydrolysis rate after each salt increment. These rates were subsequently graphed to determine the concentration of NaCl resulting in a 50% reduction in the rate of ATP hydrolysis which corresponds to the salt-titration mid-point.
RecBCD helicase assay
The unwinding of dsDNA by RecBCD was monitored by observing the quenching of the intrinsic fluorescence of SSB that occurs when the protein binds to ssDNA. 38 The dsDNA substrate used was pPB248, linearized with XhoI and incubated at 658C to inactivate the restriction endonuclease. Reactions contained 10 lM nucleotides of linearized dsDNA, 1 lM SSB monomer, and 2 nM RecBCD. Reactions were carried out at 378C in a 500 lL volume of buffer, containing 20 mM Tris-OAc, pH 7.5, 1 mM ATP, 1 mM DTT, and 2 mM MgOAc. Following thermal equilibration at 378C for 3 min, RecBCD was added to initiate the reaction. The intrinsic fluorescence of SSB is excited at 290 nm and monitored at emission wavelength of 340 nm. The unwinding rates were calculated by multiplying DNA concentration in base pairs by the ratio of total change in fluorescence to the slope of initial drop in fluorescence signal. In a typical reaction, close to 200 data points were used to draw a linear fit to the data to calculate slope of initial drop.
DNA strand exchange
DNA strand exchange was assayed as described. 61 Unless otherwise specified, reaction conditions were as follows: reaction mixtures (160 lL, 378C) contained 20 mM Tris-OAc, (pH 7.5), 1 mM DTT, 8 mM magnesium acetate, 1 mM ATP, 6.0 lM RecA, 1 lM SSB monomer, 100 lM Ux174 ssDNA, 20 lM linear Ux174 dsDNA, and an ATP-regenerating system consisting of 7.5 mM phosphoenolpyruvate and 0.02 U/lL pyruvate kinase. In these reactions, linearized Ux174 dsDNA was 5 0 -end labeled. Reactions which contained ssDNA, ATP and the regenerating system were pre-incubated at 378C for 2 min, RecA was added; 2 min later, SSB was added and finally, radioactively labeled linear dsDNA was added to start the reaction. At various time points, aliquots were removed and the reaction was quenched by the addition of gel-loading solution to final concentrations of 1% SDS, 50 mM EDTA and 0.4 mg/mL proteinase K. Samples were incubated at 378C for 5 min right before loading. About 15 lL of sample was loaded onto a 1% agarose gel and subjected to electrophoresis in TAE buffer (40 mM Tris-OAc and 2 mM EDTA) at 1 V/cm for 16.5 h. Following electrophoresis, gels were dried and exposed to PhosphorImager screens. Analysis of gels was performed using ImageQuant software. Data was analyzed using non-linear curve fitting or linear regression in Prism v 5.04 (GraphPad Software, Inc.).
Dissociation of SSB from ATTO(dT) 65 . The assay used has been described previously except that CY3 or Cy5 labeled oligonucleotides were used. 47 Dissociation of SSB from 5 0 -ATTO 488 (dT) 65 was studied by monitoring the recovery of fluorescence after addition of the competitor DNA, poly d(T) (average length 5 359 nt). ATTO 488 fluorescence was being monitored with excitation wavelength of 509 nm and emission wavelength of 521 nm. In each assay, 50 nM 5 0 -ATTO 488 (dT) 65 oligonucleotide was pre-incubated in buffer containing NaCl (1; 0.7; or 0.6M), 10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA for 4 min. Next, 50 nM SSB tetramer was added. When SSB binds to 5 0 -ATTO 488 (dT) 65 , the fluorescence of the ATTO dye is quenched. Once a stable, lower fluorescence signal was observed (typically after 2-4 min), poly d(T) was added to 15 lM nucleotides, finally. The fluorescence signal increases when SSB dissociates from 5 0 -ATTO 488 (dT) 65 and binds to poly d(T). The percent of fluorescence decrease was calculated by expressing the change in fluorescence after addition of SSB relative to the initial fluorescence. The percent recovery was calculated by expressing the fluorescence signal after addition of poly d(T) as a percentage to change in fluorescence after addition of SSB.
Magnetic tweezers experiments. Magnetic tweezers experiments are performed with a PicoTwist magnetic tweezers instrument (www.picotwist.com). DNA hairpins (480 bp) were prepared as described elsewhere 62 and tethered between a glass surface treated with anti-digoxigenin antibody (Roche) and a 1-lm streptavidin-coated Dynal magnetic bead (Invitrogen). The DNA hairpins were mechanically stretched by capturing the bead in a magnetic trap generated by a pair of permanent magnets. By using video-microscopy, the extension of tethered DNA the molecule can be recorded in real time and the value of the applied force is deduced from the measurement of the transverse fluctuations in the bead position. 63, 64 DNA forks with long ssDNA tails where generated as described elsewhere 4 and use to follow the RecG DNA reannealing activity in real time in presence of different SSB variants. The conversion from measured molecular extension in nm to number of base pairs rewound or base pairs migrated by UvsW or RecG was done by using the previously measured elasticity of ssDNA. 64 Conditions used in these experiments were 3 mM for each SSB variant, 5 nM RecG, and 1 mM ATP.
Magnetic tweezers data analysis. Raw data, corresponding to the real-time changes of the DNA extension in nm, was converted into the number of base pairs reannealed using a calibration factor determined from the elastic properties of ssDNA and dsDNA as described previously. 46 Instantaneous enzymatic rates were obtained from a linear fit to the traces filtered with a third-order Savitzky-Golay filter over a sliding time window of varying size depending on the applied force. 65 Delay times were calculated by visual inspection of each reaction trace and histograms were approximated by a single exponential. The error bars shown in the histograms are proportional to the inverse of the square root of the number of points for each individual bin.
